Heparanase activity is highly implicated in cellular invasion and tumor metastasis, a consequence of cleavage of heparan sulfate and remodeling of the extracellular matrix underlying epithelial and endothelial cells. Heparanase expression is rare in normal epithelia, but is often induced in tumors, associated with increased tumor metastasis and poor prognosis. In addition, heparanase induction promotes tumor growth, but the molecular mechanism that underlines tumor expansion by heparanase is still incompletely understood. Here, we provide evidence that heparanase down regulates the expression of p21 (WAF1/CIP1), a cyclin-dependent kinase inhibitor that attenuates the cell cycle. Notably, a reciprocal effect was noted for PG545, a potent heparanase inhibitor. This compound efficiently reduced cell proliferation, colony formation, and tumor xenograft growth, associating with a marked increase in p21 expression. Utilizing the APC Min +/− mouse model, we show that heparanase expression and activity are increased in small bowel polyps, whereas polyp initiation and growth were significantly inhibited by PG545, again accompanied by a prominent induction of p21 levels. Down-regulation of p21 expression adds a novel feature for the emerging pro-tumorigenic properties of heparanase, while the potent p21 induction and anti-tumor effect of PG545 lends optimism that it would prove an efficacious therapeutic in colon carcinoma patients.
Introduction
Heparanase is a mammalian endoglucuronidase that cleaves heparan sulfate (HS) side chains of proteoglycans at specific sites, generating fragments of considerable size (2.5-10 kDa) and biological activity [1, 2] . By cleaving HS side chains, heparanase modifies the structural integrity of the extracellular matrix (ECM) that underlies epithelial and endothelial cells, thus facilitating cellular invasion and associated tumor metastasis, angiogenesis, and inflammation. In addition, heparanase activity releases a wide range of HS-bound growth factors, cytokines, chemokines and enzymes that can profoundly affect the tumor and its microenvironment (including endothelial cells and tumor associated macrophages) [3] [4] [5] [6] . Expression of heparanase is rare in normal tissues, but is frequently induced in tumors, correlating with increased tumor metastasis and poor prognosis [7] [8] [9] . Likewise, heparanase is associated with colon cancer progression and its expression was shown to be increased substantially in colon carcinomas at the mRNA and protein levels. Elevation of heparanase was accompanied by higher TNM stage, more frequent blood and lymph vessels infiltration, and reduced patient survival [10] [11] [12] . Subsequent studies revealed that heparanase function is not limited to tumor metastasis but rather promotes tumor initiation and growth. For example, over expression of heparanase in cancer-derived cells including, among others, HT29 colon carcinoma cells, resulted in larger tumor xenografts [13] [14] [15] [16] . Furthermore, the incidence and severity of colitis-associated colon tumorigenesis was markedly increased in transgenic mice that over express the enzyme [17] .
Here, we utilized a heparanase inhibitor, PG545 [18] , to further examine the significance of heparanase in colon cancer. We provide evidence that cell proliferation and tumor growth are markedly attenuated by PG545. We further utilized a genetic approach and show reduced polyps' initiation and growth in APC Min +/− mice treated with PG545. Notably, in all the above in vitro, in vivo, and genetic settings, PG545 treatment was associated with a substantial increase in p21 (WAF1/CIP1) expression, a well-known cyclin-dependent kinase (CDK) inhibitor that attenuates the cell cycle [19, 20] . Conversely, heparanase over expression or its exogenous addition reduces p21 levels. Mechanistically, we show that p21 down-regulation requires heparanase enzymatic activity, and involves toll-like receptors (TLRs) and NFκB signaling. Thus, heparanase inhibitors are valuable tools that uncover previously unrecognized mechanisms that underlie the pro-tumorigenic properties of heparanase.
Materials and Methods

Cells, Cell Culture and Cell Cycle Analysis
Human SW480 and HCT116, and mouse CT26 colon carcinoma cells were grown in DMEM supplemented with 10% FCS and antibiotics. For cell cycle analysis, cells (2×10 5 ) were seeded into 60 mm dishes and were grown to reach 30% to 40% confluence. Cells were subsequently treated with the indicated concentrations of PG545 under serum-free conditions for 18 or 36 h. Cells were then collected by trypsinization and fixed in 70% ethanol at 4°C for 18 h; The fixed cells were washed twice with cold PBS and suspended in 0.5 ml staining buffer containing RNase (10 μg/ml), propidium iodide (Sigma; 20 μg/ml) and triton X-100 (0.1%). Samples were incubated for 45 min in the dark and acquired on fluorescence-activated cell sorting (FACS) BDLSRFortessa (Becton Dickinson, San Jose, CA, USA). The fluorescent signal was detected through the FL2 channel and DNA content present in the various phases of cell cycle was analyzed using ModfitLT software (version 3.3.11; Verity Software House, Topsham, ME, USA). Colony formation in soft agar was performed essentially as described [14, 21] . The human SW480 and HCT116 cell lines were authenticated by the short tandem repeat (STR) profile of 15 loci plus amelogenin for sex determination (X or XY) method according the manufacturer's (Promega) instructions.
Antibodies, Reagents, and Heparanase Activity Assay
Anti-p21 (sc-6246), anti-p27 (sc-528), anti-VEGF (sc-504) antibodies and the small molecule heparanase inhibitor OGT 2115 [22] were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-actin antibody and the IKK inhibitor Bay11-7082 were purchased from Sigma (St. Louis, MI); rat anti-mouse CD31 was purchased from Dianova (Hamburg, Germany). The MyD88 peptide inhibitor was purchased from InvivoGen (San Diego, CA). PG545 was kindly provided by Zucero Therapeutics (Darra, Australia) [18] . Preparation of dishes coated with sulfate labeled ECM and determination of heparanase enzymatic activity (ie, release of labeled HS degradation fragments) were carried out essentially as described previously [13, 14] . Briefly, sulfate labeled degradation fragments were analyzed by gel filtration on Sepharose CL-6B column. Fractions were eluted with PBS and their radioactivity was counted in a β-scintillation counter. Degradation fragments of HS side chains are eluted from Sepharose 6B at 0.5 b Kavb 0.8 (fractions 15-30) [13, 14] . Each experiment was performed at least three times and the variation in elution positions (Kav values) did not exceed ±15%.
Tumorigenicity and Immunostaining
Cells were detached with trypsin/EDTA, washed with PBS, and cell suspension was inoculated subcutaneously at the right flank of 6-week-old SCID/NOD (SW480; 5×10 6 ) or Balb/C (CT26; 1×10 5 ) mice. PG545 was administrated (i.p.; 20 mg/kg, once weekly) once tumors became palpable. Xenografts size was determined by externally measuring tumors in 2 dimensions using a caliper. At the end of the experiment, mice were sacrificed; tumor xenografts were removed, weighed, and fixed in formalin. Paraffin-embedded 5 μm sections were subjected to immunostaining with the indicated antibody using the Envision kit according to the manufacturer's (Dako) instructions, as described previously [23, 24] .
APC Min +/− mice were obtained from Jackson Laboratories (Bar Harbor, ME). In a tumor prevention experiment, PG545 (20 mg/kg; once weekly) was administrated to APC Min +/− mice (n = 8) starting at 4 weeks of age. In a treatment setting, PG545 was given starting at 9 weeks of age (n = 10). In both settings, experiments were terminated at 19 weeks of age. Mice were then sacrificed, the colon and small bowel were exposed, and the number and size of polyps was evaluated. Polyps were immediately homogenized for RNA and protein extraction, or were fixed in formalin for histological and immunostaining analyses as described above.
Statistics
Data are presented as means ± SE. Statistical significance was analyzed by 2-tailed Student's t test or χ 2 test. Values of P b .05 were considered significant. Data sets passed D'Agostino-Pearson normality (GraphPad Prism 5 utility software). All experiments were repeated at least 3 times with similar results.
Results
PG545 Arrests the Proliferation of Colon Carcinoma Cells
Heparanase is strongly implicated in tumor metastasis, and the heparanase inhibitor PG545 attenuated the spontaneous metastasis of HT29 colon carcinoma cells [18] , but its capacity to restrain the initiation or growth of colon carcinoma tumors has not been so far reported. In order to examine the role of heparanase in colon tumorigenesis, we added escalating doses of PG545 to colon carcinoma cells and cell number was quantified over time. We found that PG545 reduces the proliferation of SW480 ( Figure 1A ), CT26 ( Figure 1B ) and HCT116 (Suppl. Figure 1A ) colon carcinoma cells, in a dose-dependent manner. Thus, cell numbers were significantly reduced by PG545 at concentrations of 25 μg/ml (~10 μM) and higher ( Figure 1, A and B ; Suppl. Figure 1A) . Notably, cell cycle analyses revealed a consistent accumulation of cells at the G1 phase following PG545 treatment, concomitant with decreased DNA synthesis (S phase; Figure 1 , C and D; Suppl. Figure 1B ; Table 1 , Suppl. Table 1 ), suggesting that PG545 elicits cell cycle arrest of colon carcinoma cells. Figure 1 . PG545 arrests colon carcinoma cells in G1 phase, attenuating cell proliferation. A-B. Cell proliferation. Human (SW480; A) and mouse (CT26; B) colon carcinoma cells (2×10 5 ) were incubated with the indicated concentration of PG545, and cells were counted 1, 3, and 5 days thereafter. PG545 was added once at Day 0, and growth medium was not changed during the 5 days experiment. C-D. Cell cycle analyses. SW480 (C) and CT26 (D) cells were incubated with PG545 (50 μg/ml) for 18 and 36 h. Cells were then harvested and subjected to cell cycle analysis as described under 'Materials and Methods'. Note accumulation of cells at the G1 phase, and decreased cell number at the S phase (see also Table 1) .
Interestingly, over expression of heparanase in SW480 cells endowed with relatively low levels of heparanase activity (Figure 2A , upper panel) was accompanied by reduced expression of p21, a cyclin-dependent kinase inhibitor (Figure 2A , lower panel). More-over, p21 expression was significantly reduced following exogenous addition of heparanase ( Figure 2B , upper panel). Accordingly, treatment of SW480 cells with the heparanase inhibitor PG545 resulted in a comparable induction of p21 expression at the protein ( Figure 2C , upper panel) and mRNA ( Figure 2D , upper panel) levels. Moreover, expression of p27, a p21-related CDK inhibitor, was also induced by PG545, albeit to a lesser degree ( Figure 2D , lower panel). This confirms, and further expands, a previous report describing an inverse correlation between heparanase and p27 levels [25] , and suggests that attenuation of the cell cycle by PG545 treatment (Figure 1 ; Table 1 ; Suppl. Table 1) is due, at least in part, to induction of p21/p27 expression.
Notably, PG545 profoundly reduced the size and number of colonies formed by colon carcinoma SW480 and HCT116 cells in soft agar ( Figure 3A ), an experimental system thought to closely reflect tumor growth.
PG545 Attenuates the Growth of Colon Carcinoma Tumor Xenografts
In order to examine the significance of heparanase for tumor growth, human SW480 and mouse CT26 colon carcinoma cells were inoculated subcutaneously in SCID and Balb/c mice, respectively, and PG545 was administrated (i.p.; 20 mg/kg; once weekly) when tumors became palpable. The growth of SW480 tumor xenografts was decreased two-fold by PG545 (0.3 ± 0.04 vs. 0.15 ± 0.03 g for control vs. PG545, respectively; P = .02) ( Figure 3B , upper panel), and an even greater, 6-fold decrease in tumor weight was noted in CT26 tumors treated with PG545 (1.46 ± 0.48 vs. 0.25 ± 0.04 gr. for control vs. PG545, respectively) ( Figure 3C , upper panel), differences that are statistically highly significant (P = .002). Importantly, tumor growth inhibition by PG545 was associated with a 3-fold increase in p21 expression ( Figure 3 , B and C, middle panels), that is in agreement with the in vitro results (Figure 2 ), while p27 induction by PG545 was evident only in CT26 tumors (Figure 3 , B and C, lower panels).
PG545 Decreases Polyp's Initiation and Growth
In order to further explore the significance of heparanase for colon cancer initiation, we utilized the well-established APC Min +/− mouse model. These mice carry a truncation mutation at codon 850 of the Apc gene and can develop up to 100 polyps in the small intestine within several weeks after birth [26] . We found that heparanase expression ( Figure 4A ) and enzymatic activity ( Figure 4B ) are significantly elevated in polyp vs. adjacent normal tissue, suggesting that heparanase is relevant in this pre-malignant setting. We next administrated PG545 to APC Min +/− mice (20 mg/kg; once weekly), starting at 4-weeks and 9-weeks of age, representing a tumor prevention (i.e., prior to polyp initiation) and treatment (i.e., polyps are already present) settings, respectively. We found that PG545 effectively reduced polyp number in both settings. Thus, while control, untreated mice, carried 45 ± 7 polyps in average, only 11 ± 3 polyps were counted in the small bowel of mice treated with PG545 staring at 4-weeks of age ( Figure 4C , Con vs. PG-4 W), differences that are statistically highly significant (P = .00001). Reduced polyp number was also evident once PG545 treatment was begun at 9-weeks of age (45 ± 7 vs. 32 ± 10 for control and PG545, respectively; P = .05) ( Figure 4C ). Importantly, not only the number but also the size of the polyps was reduced by the heparanase inhibitor. In control, untreated mice, lesions size was distributed equally between small (1-2 mm) and larger (3-4 + 5-7 mm) polyps ( Figure 4D , Con; Table 2 ). In contrast, most polyps that developed in PG545-treated mice in prevention (starting at 4 weeks of age; Figure  4D , PG) and treatment settings ( Table 2) , appeared small (1-2 mm), differences that are statistically highly significant (P = .004). Importantly, the decrease in polyp number and size following PG545 treatment, especially in the prevention mode (i.e., starting at 4 weeks of age) was associated with a marked increase in p21 and p27 levels, evident by immunoblotting of polyp extracts ( Figure 5A , upper and middle panels) and immunostaining of polyp tissues ( Figure 5B , upper panel). In addition, the level of VEGF was decreased following PG545 treatment ( Figure 5B , middle panels), without noticeable changes in vascular density ( Figure 5B , lower panels).
p21 Down-Regulation Requires Heparanase Enzymatic Activity and Involves TLRs and the NFκB Pathway
In order to reveal the mechanism underlying p21 down-regulation, we first incubated cells with heparanase in the absence (Hepa, Figure 5C ) or presence of heparin, a potent inhibitor of heparanase enzymatic activity (Hepa + heparin; Figure 5C ) [27] . Notably, p21 repression was abrogated by heparin and moreover, by a small molecule heparanase inhibitor OGT2115 ( Figure 5D , Hepa + OGT), suggesting that heparanase enzymatic activity is required for p21 down regulation. Furthermore, p21 repression by heparanase was prevented upon inhibition of the NFκB pathway ( Figure 5C , Hepa + Bay) or TLRs signaling ( Figure 5E , Hepa + MyD inh). This suggests that the heparanase-generated HS fragments-TLRs-NFκB axis not only stimulates [28] , but also represses the expression of target genes.
Discussion
Heparanase expression is increased in many types of tumors and this elevation is often associated with more aggressive disease and poor prognosis due to advanced local and distant metastases [7, 9, [29] [30] [31] . C-D. PG545 decreases polyp number and size. APC Min +/− mice were treated with PG545 (20 mg/kg once weekly) starting at 4 (n = 8) and 9 (n = 10) weeks of age. Control mice were administrated with vehicle (PBS) alone. Experiments were terminated when mice reached the age of 19 weeks. Mice were then sacrificed, their colon and small bowel were exposed, and the number (C) and size (D) of polyps were quantified. Shown are average number ± SD of polyps in the small bowl (blue) and colon (red) of untreated (Con) and PG545-treated mice starting at 4 weeks (PG-4 W) and 9 weeks (PG-9 W) of age (C). Polyp size was categorized as small (1-2 mm), medium (3-4 mm) and large (5-7 mm) and is shown as percent of total polyps counted in control and mice treated with PG545 starting at 4 weeks of age (D) (see also Table 2 ). Representative images of small (1-2 mm), medium (3-4 mm) and large (5-7 mm) polyps are shown in (E).
In addition, heparanase up regulation in primary human tumors correlates in some cases with tumors larger in size and enhanced micro vessel density [7, 9] . Likewise, cells engineered to over-express heparanase are endowed with a more rapid expansion of tumor xenografts [15, 29, 30, 32, 33] , whereas heparanase silencing results in lower tumor burden [33] . Thus, while the role of heparanase in tumorigenesis is emerging, and anti-heparanase inhibitors are being evaluated in clinical trials as anti-cancer therapeutics [34, 35] , the mechanism by which heparanase promotes tumor initiation, growth and chemoresistance is still incompletely understood. Heparanase enzymatic activity releases HS-bound growth factors stored in the ECM as reservoir and thereby promotes tumor growth and angiogenesis [3, 6] . Heparanase can also facilitate the survival and proliferation of tumor cells by activation of signaling molecules such as Akt, EGFR, Src, HGF, and STAT [7, 21, [36] [37] [38] [39] [40] , independent of its enzymatic activity. Moreover, heparanase induces the transcription of pro-angiogenic (i.e., VEGF-A, VEGF-C, COX-2), pro-thrombotic (i.e., TF), mitogenic (HGF), and osteolyic (RANKL) genes [40] [41] [42] [43] that orchestrate a strong pro-tumorigenic effect, and down-regulate the expression of tumor suppressors [i.e., CXCL10; [14] ]. Here, we provide evidence that heparanase down-regulates also the expression of p21 in colon carcinoma cells. This was evident in cells over expressing heparanase (Figure 2A) , and even more prominent down regulation of p21 was observed following exogenous addition of heparanase ( Figures 2B, 5 , C-E).
p21 is a potent inhibitor of all cyclin-dependent kinases, leading to a G1 arrest [19, 20] . It was first identified as a gene induced by wild type p53 tumor suppressor protein, and its expression is lost in most cancers [44, 45] . In colorectal cancer, decreased p21 level was associated with more advanced disease stage, poor survival, and p53 aberrations [46, 47] .
Furthermore, targeted inactivation of the p21 gene enhances APC-initiated tumor formation [48] , and even stronger pro-tumorigenic effects were reported for p27-null mice [20] . Utilizing the APC Min +/− mouse model, thought to recapitulate the human disease, we found that heparanase expression and activity are increased in small bowel polyps vs. adjacent normal tissue ( Figure  4 ). This is in agreement with previous reports showing that heparanase expression is induced already at the early stages of human colon neoplasia (adenoma), followed by gradual increase during subsequent progression from severe dysplasia through well-differentiated to poorly-differentiated colon carcinoma [10] . Likewise, polyp initiation (prevention setting) and growth (treatment setting) were significantly reduced by the heparanase inhibitor PG545 (Figure 4 , C and D; Table 2 ), and this decrease in small bowel neoplasia by PG545 was associated with a marked induction in p21 expression ( Figure 5 ). PG545 was developed as a dual heparanase and angiogenesis inhibitor, because it can also interfere with VEGF-and FGF-induced angiogenesis [49] . However, reduced small bowel neoplasia by PG545 in the APC Min +/− mouse model does not seem to involve angiogenesis as blood vessel density appeared comparable in treated vs. untreated polyps ( Figure 5B , lower panel), suggesting that p21 induction is a leading cause responsible for polyp inhibition by PG545.
Induction of p21 by PG545 was not restricted to the APC Min +/− mouse model but was rather in common with our in vitro and in vivo experiments. p21 expression was induced in tumor xenografts produced by SW480 cells and treated with PG545, in parallel with reduced tumor growth ( Figure 3A) . Even greater inhibition of tumor growth was observed in tumors produced by CT26 cells and treated with PG545 ( Figure 3C ). In this setting, not only p21 but also p27 expression was significantly induced, resulting in tumors that were 6-fold smaller than control ( Figure 3C ). This may suggest that simultaneous induction of p21 and p27 by PG545 results in a most effective anti-tumor effect. Notably, p21/p27 induction was also observed in cultured cells treated with PG545 in a dose-dependent manner ( Figure 2C ), closely associating with marked inhibition in cell number and seemingly G1 arrest, typical of p21/p27 function ( Figure 1 , Table 1 , Suppl. Table 1 ). This supports the notion that the predominant anti-tumor effect of PG545 is due to its ability to induce p21 expression.
The mechanism by which heparanase ensures p21 down-regulation is not entirely clear, but points to the TLRs-NFκB pathway in a manner that requires heparanase enzymatic activity. This is concluded because p21 down-regulation was eliminated by the inclusion of heparin, a potent heparanase inhibitor [27] , together with heparanase ( Figure 5C ). Heparin, as well as PG545, however, not only inhibits the enzymatic activity of heparanase but also its interaction with cell-membrane HS [24, 50] . We therefore used, in addition, a small molecule inhibitor (OGT2115) that is thought to target the enzyme active site [22] . Indeed, the small molecule inhibitor was as effective as heparin in eliminating p21 repression by heparanase ( Figure 5D ), suggesting that p21 down-regulation is elicited by heparanase-generated small HS fragments. Notably, OGT2115 did not affect heparanase activity within live SW480 cells (Suppl. Figure 1C ), in agreement with our previous report [51] . This critically suggests that p21 regulation is ensued by extracellular heparanase activity. Several studies have shown that TLRs can get activated by soluble HS [52, 53] and HS fragments [28] , pointing to the possible involvement of TLRs in our experimental setting. Indeed, we found that p21 down-regulation by heparanase is eliminated by MyD88 inhibitor that blocks TLRs signaling (Hepa + MyD inh; Figure 5E ) and by IKK inhibitor that target the NFκB signaling pathway (Hepa + Bay; Figure 5C ). This cascade resembles the molecular mechanism that drives heparanase-mediated cytokine induction in mononuclear cells [28] , suggesting that the HS fragments-TLRs-NFκB axis can lead to induction or repression of target genes.
Of note, it was recently reported that Smad4 suppresses neuroblastoma tumorigenesis through repressing the expression of heparanase [54] . Similarly, over-expression of Smad4 in colon cancer cells suppresses their growth in vivo [55] , possibly via induced expression of p21 as was demonstrated in breast and pancreatic cancer [56] . Whether such a dual anti-tumorigenic effect of Smad4 (i.e., down regulation of heparanase and up-regulation of p21) takes place in the Min −/+ model remains to be elucidated.
Taken together, the results support and significantly expand the role of heparanase in the initiation and growth of colon carcinoma. We further describe a novel manner by which heparanase promotes tumor growth namely, down regulating p21 expression. A reciprocal effect is described for the heparanase inhibitor PG545, associating with a marked decrease in cell proliferation in vitro, tumor xenograft growth, and polyp initiation and expansion. Thus, inhibitors are valuable tools to expose previously unrecognized properties of heparanase. Attenuation of polyps' growth also in a treatment setting lends hope that PG545 would prove efficacy for colon carcinoma patients.
Conclusions
Heparanase down-regulates p21 expression in colon carcinoma cells;
The heparanase inhibitor PG545 attenuates the tumorigenicity of colon carcinoma cells; Polyp initiation and growth are markedly inhibited by PG545 in APC Min +/− mice; PG545 prominently induces p21 expression.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.neo.2016.12.001. Figure 5 . Reduced polyp initiation and growth are associated with p21 induction. A, Immunoblotting. Extract of untreated (Con) and PG545-treated colonic polyps were subjected to immunoblotting applying anti-p21 (upper panel), anti-p27 (second panel) and anti-actin (lower panel) antibodies. B, Immunostaining. Five-micron sections of control and PG545-treated colonic polyps were subjected to immunostaining applying anti-p21 (upper panels), anti-VEGF (second panels) and anti-CD31 (lower panels) antibodies. Note increased p21 levels in polyps treated with PG545 (original magnification ×80). C-E. Mode of action. SW480 cells were incubated without (Con) or with heparanase in the absence (Hepa) or presence of heparin (50 μg/ml) or the IKK inhibitor, Bay11-7082 (10 μM) for 24 h under serum-free conditions. Cells were then harvested, and p21 expression was quantified by real-time PCR. Data is presented as expression (fold-increase) relative to control cells set arbitrarily to a value of 1 (C). SW480 cells were similarly incubated without (Con) or with heparanase in the absence (Hepa) or presence of a small molecule heparanase inhibitor, OGT2115 (10 μg/ml; D, Hepa + OGT) or MyD88 inhibitory peptide (100 μM; E, Hepa + MyD Inh) for 24 h under serum-free conditions. Cells were then harvested and p21 expression was analyzed as above. Note reversal of p21 down-regulation by heparanase in the presence of heparin, OGT2115, Bay11-7082, and MyD88 inhibitors.
